The formation of heat-resistant spores in a culture of Bacillus subtilis is initiated when the culture enters the stationary phase (19) . The transition from exponential growth to stationary phase in a complex sporulation medium is accompanied by a derepression of the citric acid cycle enzymes (8, 16, 31) , quantitative changes in the cytochrome complement (5, 38) , and an increased oxygen consumption (6) . These observations indicate a shift from glycolytic to oxidative energy metabolism. The derepression of the citric acid cycle concomitantly with the onset of sporulation could be merely coincidental and does not necessarily imply a causal relationship. That the citric acid cycle is indeed required for sporulation is, however, suggested by the fact that all citric acid cycle mutants of B. subtilis that have been described are asporogenous or oligosporogenous (4, 11, 17) . Furthermore, chelating agents that inhibit one citric acid cycle enzyme, aconitase, can also inhibit sporulation without affecting vegetative growth (10) .
The functioning of the citric acid cycle is apparently required very early during sporulation. Mutants defective in the citric acid cycle never proceed beyond stage I of sporulation (axial filament formation) (14, 15, 40) .
In B. subtilis wild type, the concentration of adenosine triphosphate (ATP) is almost constant during vegetative growth and sporulation (12) . Citric acid cycle mutants, however, show a marked reduction in the level of ATP during the stationary phase (12, 40) . When the mutant cultures are supplied with citric acid cycle intermediates after the enzymatic block, ATP levels are restored but sporulation is not (12, 40) . The failure of citric acid cycle mutants to sporulate can therefore be only partially explained by lack of ATP. An additional explanation could be that the di-and tricarboxylic acids accumulated by the various mutants interfere with functions needed during sporulation. Previous work has indicated that L-malate or a metabolite derived from L-malate can repress sporulation (15, 35) . In this paper, we have studied the effect of L-malate and other metabolites on sporulation in B. subtilis wild type and in different mutant strains. 454 OHN9 AND RUTBERG from the Mdh -mutant was used to transform strain BR26 (trpC2 leu-2) to leucine independence as previously described (32) . A Leu+ Mdh-transformant was purified and used for subsequent studies.
The malate-resistant mutant MR421 was also isolated after N-methyl-N'-nitro-N-nitrosoguanidine treatment. Mutagenized cells were grown to t12 in nutrient sporulation medium (NSMP) plus 100 mM L-malate. A sample of the culture was heated at 80 C for 10 min and then diluted 20-fold into fresh NSMP plus 100 mM L-malate. This selection procedure was repeated twice. A mutant showing high spore frequency after the last heat treatment was purified and characterized further.
Media. NSMP contained 8 g of nutrient broth (Difco) per liter plus 0.001 mM FeCls, 0.7 mM CaCl2, 0.05 mM MnCl2, 1.0 mM MgCl2, and 0.1 M potassium phosphate buffer, pH 6.5 (9) . Solutions of citric acid cycle intermediates and amino acids were adjusted to p H 6.5, filter sterilized, and added separately to the medium.
Purification agar (PA) plates were made from the pH indicator medium containing bromocresol purple described by Carls and Hanson (4) . Wild-type colonies are blue on PA plates, whereas acid-accumulating mutants form yellow colonies. SPA plates were made from the complex sporulation medium used by Schaeffer et al. (35) .
Penicillin enrichment medium contained minimal salts (36) plus 0.5% L-malate, 0.05% Casamino Acids (Difco), and 10 IU of penicillin G per ml.
Growth conditions. Bacteria were grown in 50 ml of medium in 250-ml Erlenmeyer flasks or in 500 ml of medium in 3- By convention, to is defined as the time when growth starts to decline from the exponential rate. tl, t2, etc., indicate the number of hours elapsed since to.
The number of heat-resistant spores was determined by heating 1.0 ml of the culture at 80 C for 10 min and plating on SPA medium after appropriate dilutions in 0.05 M sodium-potassium phosphate buffer, pH 7.3 . The spore frequency is defined as the number of heat-resistant spores per AGoo unit.
Assays of citric acid cycle enzymes. Crude extracts were prepared as described earlier (32) . Fumarase and malic enzyme were assayed within 2 h after the preparation of extracts because of instability of these enzymes. The enzyme reactions were followed in a Hitachi 101 spectrophotometer at room temperature. Specific (21) . Assay of extracellular proteases. Proteolytic activity was assayed in the culture supernatant by the azocasein digestion method described by Millet (28) in the presence and in the absence of 10 mM ethylenediaminetetraacetate (EDTA). The EDTAsensitive activity was attributed to the metal protease, whereas the EDTA-insensitive activity was attributed to the serine protease (20) . Enzyme activities were calculated as micrograms of azocasein hydrolyzed per minute per A,oo unit.
Assay of alkaline phosphatase. Extracts were prepared as described before (32) , except that the cells were lysed in 1 M tris(hydroxymethyl)-aminomethane-hydrochloride buffer, pH 9 .0. The lysate was used directly in the enzyme assay without prior centrifugation. Alkaline phosphatase was determined essentially as described by Le Hegarat and Anagnostopoulos (24) . Enzyme activities were calculated as micromoles of p-nitrophenyl phosphate hydrolyzed per minute per A0oo unit.
Assay of glucose dehydrogenase. Extracts were prepared as described before (32) , except that the cells were lysed in 50 mM acetate buffer, pH 5.0. Glucose dehydrogenase was determined by the method of Sadoff (34) . Enzyme activities were calculated as micromoles of NAD reduced per minute per A eoo unit.
Determination of DPA. The dipicolinic acid (DPA) content of sporulating cultures was determined according to Janssen et al. (23) .
RESULTS
Repression of sporulation in B. subtilis wild type by malate. The effect of different citric acid cycle intermediates on sporulation in B. subtilis was investigated ( Table 1 ). The wild-type strain was grown in NSMP with the various metabolites added to a final concentration of 75 mM. Glutamate was used as a precursor of a-ketoglutarate because this keto acid is not taken up by our wild-type strain. At t1o, the activities of two extracellular proteases, the metal protease and the serine protease, were measured and the number of heat-resistant spores was determined. At least three different In contrast, the addition of 75 mM L-malate reduced the spore frequency at t1o approximately 100-fold. This observation agrees with earlier reports by other workers (15, 35) . Fumarate, which is converted to malate by fumarase, also interfered with spore formation, although not as efficiently as malate.
All the metabolites tested caused a decrease in the levels of both the extracellular proteases. There was no correlation between the protease levels and the spore frequency.
The addition of malate does not inhibit spore formation irreversibly, but rather delays the sporulation process. Freese et al. (15) have found that malate is rapidly metabolized by B. subtilis and, if the concentration of malate is not maintained at a high level in the culture medium, sporulation will eventually take place also in a malate-supplemented culture. We have confirmed this observation. Thus, when the initial concentration of L-malate was 75 mM, the appearance of heat-resistant spores was delayed 6 to 8 h (Fig. 1F) . The synthesis of DPA and certain stationary-phase enzymes (serine protease, alkaline phosphatase, and glucose dehydrogenase) was similarly delayed (Fig.  1B-E) . When the initial concentration of Lmalate was increased to 100 mM, sporulation was delayed at least 15 h (unpublished observations).
The level of the metal protease decreased during the stationary phase in the presence of malate and, after t1o to t12, this enzyme could not be detected at all (Fig. 1A) . The loss of metal protease activity did not prevent spore formation. Michel and Millet (27) have reported that a mutant lacking the metal protease is indeed able to sporulate normally.
The results in Table 2 show that, in order to repress sporulation, malate must be added to . Maximum values in the control culture were: metal protease activity, 9.7; serine protease activity, 27.5; alkaline phosphatase activity, 1.35 x 10-3; glucose dehydrogenase activity, 5 .52 x 10-3; DPA content, 16 Again, there was no correlation between the level of protease and the number of heat-resistant spores. For instance, at 25 mM L-malate or 5 mM glucose, the serine protease level was reduced by 50 to 75% whereas the spore frequency was somewhat increased. When the effects of malate and glucose were compared, it was found that glucose reduced the spore frequency more efficiently, on a molar basis, than malate. This difference may depend on different rates of uptake or metabolism of the two carbon sources.
The effect of malate on sporulation appears to be specific for the L isomer, since DL-malate was found to repress sporulation half as efficiently, on a molar basis, as L-malate (data not shown).
Sporulation in citric acid cycle mutants. We have previously isolated and characterized a collection of citric acid cycle mutants of B. subtilis (31) (32) (33) . Like the mutants isolated by other workers (4, 11), our mutants sporulated very poorly (Table 3) . Extracellular proteolytic activity could not be detected in any of the mutants, and the levels of alkaline phosphatase were also severely reduced (unpublished observations). We also examined the effect of malate on sporulation in the various mutant strains. Unexpectedly, we found that malate did not repress sporulation in the mutant lacking malate dehydrogenase (Mdh-) ( Table 3 ). In fact, the spore frequency at t15 was increased more than 30-fold by the addition of 75 mM L-malate. One possible explanation could be that malate is so rapidly metabolized in the Mdh-mutant that repression has already been relieved at t,5. We therefore followed the kinetics of spore formation in the Mdh-strain in the absence and in the presence of 100 mM L-malate. The addition of malate increased the spore frequency more than 1,000-fold already at t, and t,50 (Fig. 3) (Table 4 ). The synthesis of serine protease and DPA was also resistant to repression by malate ( Table 4) . The malate-resistant mutant seemed to be impaired in the utilization of malate because it grew very slowly in minimal salts with 0.5% L-malate as sole carbon source (data not shown). Growth in minimal glucose medium was normal. The failure to metabolize malate at the wild-type rate did not result from a defective citric acid cycle. All the citric acid cycle enzymes as well as malic enzyme were present in mutant extracts (Table 5 ; unpublished observations).
An interesting finding is that the level of malic enzyme was increased in strain MR421 (Table 5 ). In the wild-type strain, this enzyme was induced by malate (31) . If malate is oxidized at a reduced rate in the mutant, the high level of malic enzyme could be explained by endogenous induction due to accumulated malate.
DISCUSSION
Repression of sporulation by malate. Sporulation in B. subtilis is repressed by the addition of malate to the culture medium. The presence of malate affects both early and late sporulation-associated enzyme activities. The synthesis of exoproteases and alkaline phosphatase begins during stage I of sporulation, whereas glucose dehydrogenase and DPA are synthesized during stage IV and stages V to VI, respectively (39) . Although these enzymes are synthesized at specific sporulation stages, their functions need not be essential to the formation of heat-resistant spores. Exoprotease levels can be reduced considerably by different citric acid cycle intermediates without affecting the spore frequency ( Table 1 ). The serine protease has earlier been ascribed a role in the modification of the template specificity of ribonucleic acid polymerase during sporulation (25) . However, the validity of this hypothesis has recently been questioned (37) . The metal protease and alkaline phosphatase are clearly dispensable to sporulation since mutants lacking these activities sporulate normally (22, 27) . The function of glucose dehydrogenase during the developmental period is not known. The presence of malate thus affects spore formation as well as the As mentioned before, all citric acid cycle mutants described are defective in sporulation. On the other hand, even the most pleiotropic early-blocked sporulation mutants (the spoO mutants) show normal levels of citric acid cycle enzymes (3) . The derepression of the citric acid cycle seen at the end of the exponential growth phase in NSMP (31) is therefore the earliest known event required for sporulation. The ac-tivity of the cycle reaches a sharp peak at tl to t2 and later declines (31) . We suggest that the decline in citric acid cycle activity at t2 triggers initiation of sporulation because the rate of oxidation of malate becomes sufficiently low.
The addition of glucose to a stationary-phase culture of B. subtilis results in a repression of protease and alkaline phosphatase synthesis as well as delayed sporulation (22) . In this respect, the effect of glucose resembles that of malate. However, unlike malate, glucose has many additional effects on cellular metabolism. For instance, the citric acid cycle is repressed (31) (29) , and it has been suggested that this amino acid is required as an energy source during germination and outgrowth (7) . Earlier attempts to stimulate sporulation in aconitase or isocitrate dehydrogenase mutants by glutamate addition have only been partially successful (40) . Freese and Marks (14) reported that such mutants are blocked at stage 0 of sporulation and that the addition of glutamate permitted the mutant cells to progress to stage I, whereas the frequency of mature spores was not increased. In contrast, we have shown here that glutamate stimulates sporulation very efficiently in our set of mutants defective in aconitase or isocitrate dehydrogenase. The mutant strains studied by other workers have. not been purified genetically, and it is possible that they carry additional mutations that interfere with sporulation.
The requirement during sporulation for energy produced via the citric acid cycle has been suggested earlier (10-12). As discussed above, the activity of the cycle appears to decrease at about t2. Therefore, most of the energy required for biosynthetic reactions during sporogenesis may be generated before t2 and stored for later use.
The failure of citric acid cycle mutants to sporulate is thus best explained by lack of glutamate and lack of ATP. This conclusion is supported by our finding that a malate dehydrogenase mutant sporulates normally when supplied with oxalacetate. This is the first instance of complete restoration of sporulation in a citric acid cycle mutant. Oxalacetate can be used both as an energy source and as a precursor of glutamate by the malate dehydrogenase mutant. Earlier failures to restore sporulation in, for example, succinate dehydrogenase mutants by the addition of malate (12) can now be adequately explained by the repression of sporulation by malate as demonstrated in this paper.
